Introduction
The review covers 1) the materials furnished the U.S. Geological Survey (USGS) by the U.S. Bureau of Land Management (BLM) relating to treatment of historical seismicity, and the establishment of a low-magnitude, natural seismicity baseline in the immediate vicinity of the proposed reservoir (the documents reviewed by the USGS are listed in the Appendix) and 2) the overall program of the Denver Water Department (DWD) for evaluation of possible induced seismicity near its planned Strontia Springs reservoir.
The degree of natural seismicity in Colorado is low to moderate, as shown in studies by Presgrave (1979) , Kirkham and Rogers (1978) , Scott (1970) , Hadsell (1968) , and Algermissen and Perkins (1976) . However, the state of stress in the crust near the Front Range of Colorado is high enough to result in concentrations of seismicity, particularly when works of man modify the conditions under which natural earthquakes occur. November 1967 (5.1). Healy and others (1968) noted an absence of earthquakes in the magnitude range 4.5-4.9. Focal mechanisms for the three largest earthquakes, determined using P-wave first motion data together with longperiod surface wave data (Herrmann, Park, and Wang, 1981) , are each characterized by normal faulting along a northwest-striking fault plane. Thus the direction of least horizontal compression in the area is northeasterly.
The rate of seismicity has since decreased, but "Denver" earthquakes associated with the source zone beneath the Rocky Mountain Arsenal are still occasionally felt. These earthquakes generally occur at depths of about 3-10 km (Major and Simon, 1968; Herrmann, Park, and Wang, 1981) , align on a N 50° W trend, and have first-motion data that are consistent with normal faulting on northeast-or southwest-dipping fault planes. A reservoir analysis of the Denver earthquakes shows that these earthquakes are confined to that part of the reservoir where the pressure buildup exceeds only 32 bars, thus suggesting that the basement rock at the RMA was under significant tectonic stress and very close to failure prior to injection (Hsieh and Bredehoeft, 1981) . The Denver earthquake series was a factor in the selection by the U.S. Geological Survey of the Rangely Oil Field, western Colorado, to conduct an experiment in earthquake control (Raleigh, Healy, and Bredehoeft, 1976 ) by controlling the pore pressure at a buried fault zone.
The cases of induced seismicity at Rangely and at the Rocky Mountain
Arsenal are interpreted as resulting from increased pore pressure that lessened the normal stresses acting across a preexisting fault, such that existing tectonic stresses could lead to earthquake activity along that fault. The accepted mechanism for reservoir-induced seismicity is the same as inferred for these cases of induced seismicity in Colorado, provided certain conditions are met. The newly added weight of reservoir water will load stresses on nonvertical faults, which tends to offset the effects due to pore pressure increases (Bell and Nur, 1978) . Thus it has been observed in compressional environments with old thrust faults, that seismicity actually may decrease following reservoir impoundment (e.g., Jacob and others, 1979) .
However, the faults in the Strontia Springs section of the Platte Canyon are vertical, striking northwest. This orientation is similar to that found for the Denver earthquake series and there are several indications that the local tectonic stress field is oriented such that movement could be induced on the northwest-trending faults in the South Platte Canyon.
In addition to stress considerations, water acts to reduce the coefficient of initial friction (Byerlee, 1978; Stesky, 1978) , and it has some long-term chemical rock-weakening effects (Orowan, 1944; Griggs, 1967) .
However despite such effects, reservoir-induced stresses (order of bars at depth) are probably not of sufficient magnitude to initiate fracturing in the absence of a tectonic or a residual stress (Bell and Nur, 1978) .
The local structural arrangement of permeable and impermeable strata likely will exert a strong control on the mechanism by which changes in reservoir level will communicate pore pressure changes through the subsurface rocks. Thus even if vertical faults exist in the immediate zone of the Strontia Springs reservoir, which should act as hydraulic conduits for such pore pressure changes, it is possible that steeply-dipping impermeable strata will act as barriers to pore pressure equilibration at a given depth horizon. Such conditions could lead to existence of zones that are subhydrostatic and offer the potential for a greater pore pressure changes than would simply arise from the change in hydraulic head due to the reservoir
itself. An observational example of the influence of local variations in permeability in a complex geologic zone on reservoir induced seismicity is given in the paper on induced seismicity at the Nurek, Tadjikistan, USSR reservoir by Leith, Simpson, and Alvarez (1981) .
An important parallel may exist between the tectonic situations at Strontia Springs and the Rocky Mountain Arsenal. At the RMA, the ambient level of shear stress was high and a moderate change in pore pressure triggered the earthquakes. The initial pore pressure at the RMA was subhydrostatic, and merely raising the pore pressure to hydrostatic triggered the events. At Strontia Springs the background seismicity indicates that the ambient shear stress level is high. If the pore pressure at depth is subhydrostatic, the subsurface change in pore pressure resulting from impoundment can be much greater than that resulting from the 73 m reservoir head. In this case, provided that permeability barriers are overcome by the increased pore pressure, the chance for induced seismicity to occur would be high.
Simon (1969) noted that seismicity has been observed at some Colorado reservoir sites, namely Cabin Creek (Georgetown, Colo.), Lake Hattie, Harvey
Gap, and Mount Gunnison (Blue Mesa reservoir) but does not identify this seismicity as particularly associated with the presence of these reservoirs.
It is clear that the regional state of stress, particularly at the Front Range and to about 150 km west of this boundary (Presgrave, 1979) , is sufficient to 8 result in a low-to-moderate level of natural seismic!ty, and that there exists a tangible risk of inducing earthquake activity when activities of man alter the local stress conditions in the shallow crust.
Review The Front Range has numerous mining operations that engage in blasting.
A portion of the MicroGeophysics Corp. effort involved development of criteria to discriminate between blasts and natural seismic events; numerous illustrations of actual blast and natural microearthquake seismic signatures are given. This effort intitially adopted the approach of Presgrave (1979) to retain only natural seismic events occurring during the normal hours of blasting, by determining the off-hours rate of natural activity, assuming a 9 long-term rate of natural activity that is independent of time of day, and then adding a proportionate number of probable natural events during the normal hours of blasting. The MicroGeophysics study identified distinctive seismic signatures for natural events and subsequently used this criterion for identification of the specific natural earthquakes that occurred outside the normal hours of blasting. Of 1069 logged seismic events, it is stated that 32 local events of probable natural origin were located (Table 5. 2. Attempt to determine a composite focal mechanism for the microearthquakes identified as grouping north and sub-parallel to the Platte Canyon (group one) and discuss the results. If an actual focal mechanism solution is not possible, discuss internal consistencies of the first motion data and the focal mechanisms with which these data are consistent. (there is) an abnormal increase or localization of seismic activities, the Grantee shall take those measures approved by the Grantor." It is assumed that the Grantor may request extension of the recording period beyond the initial filling stage, although the DWD has informally questioned such authority by the Grantor. We note that the five largest reservoir induced earthquakes known to have occurred world-wide by the time of Simpson's (1976) study ranged in magnitude from 5.7 to 6.3 and occurred an average of 3.8 years following reservoir filling (ranging in time from 0.6 to 7.2 years). The 1975
Oroville, Calif., main shock is the smallest of these and occurred 6 years following the filling of Lake Oroville (Bufe and others, 1976) . The Lake Oroville epicenter was located 11 km downstream from the Oroville dam and the aftershocks occurring during the following 2 months migrated up to the dam itself (Bufe and others, 1976) . Given the complexities of a real fault zone, the determination of the probability of a damaging induced earthquake on the basis of an "abnormal increase or localization of seismic activities" is obviously a difficult task.
However, knowledge of certain physical properties of the crustal zone of interest could improve the validity of any interpretations of the space and time patterns of induced seismicity in regard to the probability of a damaging induced earthquake. In an experiment on earthquake control, Raleigh, Healy, and Bredehoeft (1976) found that earthquake occurrence and distribution could be linked to changing pore pressures at depth, provided that the local stress state was significantly high. Bell and Nur (1978) concluded from theoretical grounds that simple in situ borehole estimates of pore pressure, permeability, and stress could be of great use in evaluating induced seismicity. Zoback, and others (1979) and Zoback (1980) and impermeable strata is discussed in the paper by Leith, Simpson, and Alvarez (1981) .
Data on in situ pressure, permeability, the arrangement of permeable and impermeable strata, and stress do not exist for the Strontia Springs site neither at very near surface nor at subsurface depths. Pumping tests could provide estimates of bulk permeability and hydraulic transmissibility. We know that surface faults and shear zones strike northwest, which presumably act as hydraulic conduits, whereas the MicroGeophysics microearthquake study suggests an earthquake distribution at depths of 11-16 km beneath and parallel to the section of the South Platte Canyon that is to be flooded by the Strontia Springs reservoir. We do not know the pore pressure distribution at depth beneath the proposed reservoir. It seems reasonable that this pore pressure could be hydrostatic, assuming that waters of the South Platte River permeate to depth and that an equilibrium hydrostatic condition exists there. If so, 7.2 bars excess pore pressure (0.098 bars/m of water depth) could arise from the filling of the Strontia Springs reservoir. However, the results from the Rocky Mountain Arsenal suggest that barriers to water flow leave crustal sections that are sub-hydrostatic. In this case much larger pore pressure changes at depth could occur. We cannot now determine with certainty the likelihood that when the pore pressure at depth is increased the local stress field is of sufficient magnitude and "oriented" such as to trigger movement on existing faults. The regional axis of least compressive stress is inferred to be oriented northeast-southwest; there is no information on the local state of stress in the immediate zone of the Strontia Springs reservoir.
It is possible that an observed rate of migration of microearthquake hypocenters could be linked to the rate of migration of pore pressure changes, as controlled by the formation permeability. Clearly, the larger the zone involved in microearthquake activity, the larger may be the maximum size of a possible induced earthquake. If induced microearthquakes occur beneath the Strontia Springs reservoir, it is also possible that a statistical treatment could suggest future characteristics of earthquake behavior (Papazachos, 1973 and 1974) . To accomplish this a permanent seismic network should be established at least 1 year prior to impoundment.
We conclude that in situ borehole measurements of formation permeability, stress, and pore pressure are very important data in the interpretation of the probability for induced seismicity to occur. Such measurements could prove important in regard to estimation of the maximum size of a possible induced earthquake, by permitting interpretation of the statistical characteristics of possible induced earthquakes and to provide a basis for physical interpretation of the space-time 'distribution of possible induced earthquakes. 
